2 . An appropriate amount of ROS usually has a cardioprotective effect; however, excessive ROS not only directly and non-specifically oxidize biological macromolecules such as DNA, proteins, and lipids, but also damage cells by activating a redox signaling cascade that ultimately leads to cell death 3, 4 . In recent years, ROS have generally been described as second messengers because of their key function in cellular signaling cascades and pathophysiological processes such as proliferation, gene expression, adhesion, differentiation, senescence, apoptosis, and necrosis [4] [5] [6] .
Early growth response gene -1 (Egr-1) is a transcription factor that transmits information across the nuclear membrane. It can be rapidly induced and then initiates a series of downstream target genes in all cell types, therefore, it is also known as third messengers 7, 8 . Many studies have suggested that Egr-1 is a master switch for various pathways of reperfusion injury 9 . Our early in vitro and in vivo studies demonstrated that Egr-1 overexpression is an important cause of myocardial ischemia-reperfusion injury 10, 11 . Because ROS and Egr-1 have an obvious sequential relationship in intracellular signaling pathways and Egr-1 is considered to be I/R's damage hub, it is possible that ROS and Egr-1 also have a sequential relationship during I/R. For example, Egr-1 might act as the "damage hub" to mediate oxidative stress and the related ROS-induced damage during I/R.
N-butyl haloperidol iodide (F 2 ) is a novel compound synthesized by our laboratory (Chinese national invention patent, No. ZL96119098.1). Extensive research studying the efficacy and mechanism of action of F 2 revealed that F 2 could improve I/R or hypoxia/reoxygenation (H/R)-induced myocardial tissue or myocardial cell damage by blocking membrane L-type Ca 2+ channels and inhibiting Egr-1 overexpression. Classic calcium antagonists also inhibit the expression of Egr-1, suggesting that the F 2 -mediated inhibition of Egr-1 expression might be related to its inhibition of Ca 2+ 10,12-14 . In addition, we found that F 2 could antagonize I/R-or H/R-induced decreased SOD activity and increased malondialdehyde (MDA; an oxidative stress product) level, which suggested that F 2 might play a negative regulatory role in abnormal ROS generation during myocardial I/R or H/R 15 . Ca 2+ and ROS are related; for example, Ca 2+ in cytoplasm when reperfusion can be transported to the mitochondrial matrix, reducing ATP synthesis and increasing ROS generation. Therefore, it could be speculated that high levels of ROS might lead to the overexpression of Egr-1 during myocardial I/R. As such, F 2 might antagonize myocardial I/R-associated damage by decreasing the intracellular Ca 2+ overload and the subsequent generation of ROS and overexpression of Egr-1.
Mitogen-activated protein kinases (MAPKs) are a protein kinase family that can phosphorylate both serine and tyrosine residues. The classic MAPK signaling pathways include extracellular signal-regulated kinase (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38 MAPK). JNK is an important intracellular stress regulatory protein. Many studies have demonstrated that increased levels of oxidative stress/ROS activate JNK signaling, which can increase the incidence of diseases and/or the development of aging-related neurodegenerative diseases, ischemia-reperfusion injury and diabetes [16] [17] [18] . JNK might be the upstream signal that induces Erg-1 expression 19 ; therefore, JNK might mediate the signaling between ROS and Egr-1 during myocardial I/R. In the current study, an H9c2 cardiomyoblast cell line-based H/R model was used to determine whether ROS/JNK/Egr-1 signaling pathways were active in H9c2 cells after H/R and to determine if F 2 exerted any protective effects against myocardial I/R injury via these pathways.
Results
ROS levels and Egr-1 protein expression in H9c2 cells during H/R over time. As shown in Fig. 1A , ROS levels were significantly higher in H9c2 cells than in control groups at each time point (P = 0.004, P = 0.001, and P = 0.004). In addition, the effects were time-dependent and increased with longer H/R times. Therefore there was a significant difference between the ROS levels in the H: 3 h/R: 1 h group and H: 1 h/R: 1 h or H: 2 h/R: 1 h groups (P = 0.010 and P = 0.015).
As shown in Fig. 1B , compared with the control groups, the expression of Egr-1 increased in the H: 1 h/R: 1 h group, H: 2 h/R: 1 h group and H: 3 h/R: 1 h groups, whereas the increase in the H: 1 h/R: 1 h and H: 2 h/R: 1 h groups was significant (P = 0.006 and P = 0.024). However, the peak expression fell in the H: 2 h/R: 1 h group. Based on the above data, subsequent experiments were performed using 2 h of hypoxia and 1 h of reoxygenation.
Relationship between ROS levels and Egr-1 expression during H/R. The changes in ROS level
and Egr-1 expression in H9c2 cells are shown in Fig. 2 . Compared with the control group, ROS levels and Egr-1 expression were increased in the H/R groups significantly (P < 0.001 and P < 0.001). Compared with the H/R groups, the ROS scavengers edaravone (EDA) and N-acetyl-L-cysteine (NAC) decreased ROS level and Egr-1 expression in H9c2 cells in a dose-dependent manner. Moderate and high concentrations of ROS scavengers (2 × 10 −5 M EDA, 2 × 10 −4 M EDA, 2 × 10 −3 M NAC, and 8 × 10 −3 M NAC) resulted in substantial decreases in H/R-induced ROS level (P = 0.003, P < 0.001, P = 0.011 and P = 0.002) and Egr-1 expression (P = 0.027, P = 0.001, P = 0.027 and P = 0.006). In contrast, low concentrations of ROS scavengers (2 × 10 −6 M EDA, 5 × 10 −4 M NAC) had no significant effect on ROS levels (P = 0.235 and P = 0.370) or Egr-1 expression induced by H/R (P = 0.233 and P= 0.102). Linear correlation analysis between ROS level and Egr-1 expression in H9c2 cells revealed that they were positively correlated (r = 0.91, P = 0.002).
Relationship between ROS and JNK. Xanthine oxidase (XO) is an important oxidase for ROS formation, and it releases a large number of electrons by catalyzing hypoxanthine (HX) to form xanthine (X) and uric acid. The electrons are accepted by oxygen generating O 2
•− , which rapidly disproportionates into H 2 O 2 . Both HX and X are XO substrates that generate ROS; therefore, XO/X and XO/HX mixtures can be used as ROS generating agents [20] [21] [22] . In the current study we used XO/HX to increase ROS levels and EDA and NAC to decrease ROS levels to assess if JNK activation or the upregulation of Egr-1 expression are mediated by ROS.
Compared with control, JNK activation was increased substantial in the XO/HX groups in a dose-dependent manner, whereas total JNK expression was unchanged (Fig. 3A) . Conversely, JNK activation was decreased significantly in the presence of the ROS scavengers EDA (P = 0.027) and NAC (P < 0.001) and JNK inhibitor (P = 0.006), but total JNK expression was unchanged (Fig. 3B) .
Relationship between JNK and Egr-1. We used the JNK inhibitor SP600125 determine which of JNK or Egr-1 was upstream from the other. As shown in Fig. 4 , compared with the control group, Egr-1 expression in H9c2 cells was increased significantly in the H/R group (P < 0.001), which was inhibited by the JNK inhibitor (P = 0.02).
Effect of F 2 on ROS level, JNK activation, and Egr-1 expression. After confirming the activation of the ROS/JNK/Egr-1 signaling pathway in H9c2 cells during H/R, we next explored the effects of F 2 on this pathway. As shown in Fig. 5 , compared with control, ROS level (P < 0.001), JNK activation (P < 0.001), and Egr-1 expression (P < 0.001) increased significantly in the H/R group; however, these effects were inhibited by F 2 in a dose-dependent manner (1 × 10
Compared with the H/R group, ROS levels (P = 0.021 and P = 0.006), JNK activation (P = 0.002 and P = 0.002), and Egr-1 expression (P = 0.031 and P = 0.015) were significantly lower in the presence of moderate and high F 2 concentrations (1 × 10 −6 M, 1 × 10 −5 M). In addition, moderate and high F 2 concentrations had significantly stronger effects on Egr-1 protein expression compared with low concentrations (P = 0.048 and P = 0.016). These data suggest that F 2 can inhibit H/R-induced ROS high-level, JNK activation, and Egr-1 expression in H9c2 cells in a dose-dependent manner. There were no differences in any measurements between the H/R and H/R+ dimethyl sulfoxide (DMSO) groups, indicating that the solvent did not affect the results. There was also no change in total JNK expression among groups (P > 0.05).
ROS/JNK/Egr-1 agonists antagonize the effects of F 2 . As shown in Fig. 6 , the ROS donor XO/ HX antagonized the effects of F 2 on H/R-induced ROS generation (P = 0.021), JNK activation (P = 0.045), and Egr-1 expression (P = 0.014). Similarly, the JNK activator anisomycin (ANISO) antagonized the effects of F 2 on H/R-induced JNK activation (P = 0.037) and Egr-1 overexpression (P = 0.027).
Discussion
It is widely accepted that oxidase stress caused by ROS accumulation, calcium overload, and inflammation are important pathophysiological changes and therapeutic targets for myocardial I/R injury. In recent years, studies analyzing the signaling pathways involved in I/R injury have provided new targets for myocardial I/R injury prevention and therapy. It was suggested that calcium and ROS are second messengers during I/R, functioning to transmit information from the cell membrane to the cytoplasm. Transcription factors function as third messengers to further transmit the information to the nucleus, binding to nuclear DNA and altering downstream target gene expression, which eventually leads to I/R injury. Egr-1 is an immediate-early gene, and a number of stimuli such as hypoxia and mechanical damage can result in its expression. It can bind to specific DNA sequences, triggering downstream target gene expression. In the year 2000, Yan et al. 9 reported that Egr-1 plays roles in three pathological changes during I/R injury: inflammation, coagulation, and high vascular permeability. They subsequently proposed that Egr-1 has a central and unifying role in the pathogenesis of ischemic tissue damage 9 . Consistent with this, we previously used antisense oligonucleotides in the myocardial I/R model in vivo and in vitro to demonstrate that Egr-1 expression is an important cause of myocardial I/R injury 11 . In recent years, studies revealed that a variety of stimuli such as drugs or glucose deprivation could activate ROS/Egr-1 pathways in different cells [23] [24] [25] [26] . Aggeli et al. 27 and Hartney et al. 28 reported that Egr-1 expression could be induced by ROS-generating enzymes such as XO or by direct H 2 O 2 treatment. In addition, Nozik-Grayck et al. 29 found that hypoxia-induced upregulation of Egr-1 and its downstream target protein were inhibited in transgenic mice overexpressing extracellular SOD (EC-SOD). This might be related to the direct elimination of ROS by EC-SOD. Taken together, these studies demonstrated that ROS positively regulate Egr-1. Although it is known that oxidative stress and Egr-1 play roles in myocardial I/R injury, it remains unclear if there is a direct relationship between ROS (the second messenger) and Egr-1 (the third messenger) during myocardial I/R.
In the current study, H9c2 cardiomyoblasts was used as our experimental setting. This cell line derived from embryonic heart ventricle has been extensively used in studies investigating signal transduction mechanisms in cardiomyocytes because it retains properties of signaling pathways of cardiomyocytes. We used different doses of the ROS scavengers EDA and NAC during H9c2 cells H/R to demonstrate dose-dependent effects on ROS levels and Egr-1 expression. Both ROS scavengers could decrease H/R-induced high concentrations of ROS and Egr-1 overexpression. Intracellular ROS level and Egr-1 expression were highly positively correlated. The limited conditions of the experiment prevented us from detecting ROS levels and Egr-1 expression simultaneously within the same cell or group of cells. Nevertheless, we ensured that other non-experimental factors were consistent among groups (the growth state of the cells, the density of cultured cells, drug treatment, and the timing of cell synchronization). Therefore, the correlation between ROS level and Egr-1 expression is convincing, and suggests that intracellular ROS levels modulate Egr-1 expression. This supports the hypothesis that abnormal ROS/Egr-1 signaling occurs during H9c2 cells H/R. Mo et al. 30 revealed that ambient ultrafine particles (UFPs) and/or cigarette smoke extract (CSE) activated NADPH oxidase, resulting in ROS generation, activation of the MAPKs p38 and ERK1/2, and the upregulation of Egr-1 in mouse pulmonary microvascular endothelial cells. Aggeli et al. 27 reported that exogenous ROS (H 2 O 2 ) could stimulate Egr-1 expression and nuclear translocation via ERK or JNK in H9c2 cells. The current study revealed that ROS positively regulate Egr-1 in a H9c2 cell H/R model. In addition, ROS scavengers EDA and NAC and the JNK inhibitor SP600125 were used to determine whether JNK intervenes in ROS/Egr-1 signaling. The results revealed that ROS scavengers inhibited H/R-induced JNK activation and Egr-1 overexpression substantially. Therefore, JNK and Egr-1 are downstream signaling of ROS. The JNK inhibitor SP600125 downregulated H/R-induced Egr-1 expression, suggesting that JNK is upstream signaling of Egr-1. There was no considerable difference in total JNK expression among groups, indicating that no new JNK protein was expressed during H9c2 cell H/R. These results demonstrate that Egr-1, a transcription factor sensitive to redox regulation 2 , can be activated by high concentrations of ROS induced by various stimuli. However, the signal-mediating MAPK can be quite different due to different cell types or pathological models. In conclusion, the current study revealed that H/R stimulus could cause ROS generation, which activated JNK, increased the expression of Egr-1, and subsequently caused H/R injury. Therefore, the ROS/JNK/Egr-1 signaling pathway mediates H9c2 cell H/R injury. These results also demonstrated that ROS-mediated oxidative stress-related damage in myocardial I/R is also associated with Egr-1, and that Egr-1 plays a key role in myocardial I/R injury pathway. In this way, this study provides a further explanation for Egr-1, acting as a master switch in I/R injury, a view proposed by Yan et al. 9 . It has been demonstrated previously that F 2 is a novel calcium antagonist that can block L-type calcium channel in the cardiomyocyte membrane, reduce Egr-1 gene and protein expressions, and antagonize myocardial I/R and H/R injury. A previous study revealed that classical calcium antagonists such as verapamil, diltiazem, and nifedipine significantly reduced Egr-1 overexpression induced by I/R in cardiac tissue and H/R in myocardial cells 15 . The data show that regulating Egr-1 expression is another mechanism that, like regulating calcium channel, calcium antagonists protect I/R cardiac tissues and H/R myocardial cells. This is consistent with the hypothesis that increased calcium concentrations are a prerequisite for increasing the expression of Egr-1 31 . ROS-induced oxidative stress and Ca 2+ overload are the two main causes of myocardial I/R injury. ROS and Ca 2+ are both second messengers in cellular signaling pathways that regulate a variety of physiological and pathological processes. They are also involved in the occurrence and development of myocardial I/R injury. We previously revealed that F 2 and classical calcium antagonists such as verapamil, diltiazem, and nifedipine could improve cardiac tissue or cardiomyocyte SOD activity during I/R or H/R, as well as reduce MDA content 15 . This indirectly suggests that they regulate cardiac tissue or cardiomyocyte ROS levels during I/R or H/R. Based on the result that abnormal ROS/JNK/Egr-1 signaling pathway is active in H9c2 cells during H/R, it is here speculated that the protective effects of F 2 on myocardium might be related to its regulatory role in ROS/ JNK/Egr-1 signaling. The current study is the first to reveal that F 2 could antagonize the H/R-induced increased ROS level, JNK activation, and Egr-1 expression in a dose dependent manner. Then, the dose of F 2 (1 × 10 −6 M) was selected based on previous reports of optimal protective effects 10, 12 . Results showed that increasing ROS level in H9c2 cells using the ROS donor XO/HX could antagonize the F 2 -mediated inhibition of H/R-induced intracellular JNK activation and Egr-1 overexpression. Similarly, the JNK activator ANISO inhibited the F 2 -mediated downregulation of JNK activation and Egr-1 overexpression, suggesting that F 2 downregulates Egr-1 by inhibiting ROS high-level and JNK activation. Therefore, we demonstrated that F 2 can antagonize myocardial I/R injury via regulating ROS/JNK/Egr-1 signaling. These findings provide a theoretical basis for future studies assessing the application of F 2 to treat of various diseases caused by oxidative stress.
Conclusion
In summary, H/R leads to ROS/Egr-1 signaling pathway activation in H9c2 cells, and JNK activation mediates the signaling pathways between ROS and Egr-1. F 2 regulates H/R-induced ROS/JNK/Egr-1 signaling, which might be an important mechanism by which it antagonizes myocardial I/R injury.
Methods
Reagent preparation. The H9c2 cell line was purchased from the Chinese Academy of Sciences (Beijing, China). Fetal bovine serum was obtained from Hyclone. F 2 was dissolved in DMSO. The ROS scavenger EDA and NAC were purchased from Simcere Pharmaceuticals (Nanjing, China) and Sigma-Aldrich (United States), respectively. The ROS donors XO, HX, the JNK activator ANISO, and 2' ,7'-dichlorofluorescein acetyl acetate (DCFH-DA) were purchased from Sigma-Aldrich. The JNK inhibitor SP600123 was purchased from Enzo Life Sciences (Switzerland). The p-JNK goat polyclonal antibody was purchased from Santa Cruz Biotechnology (United States), and rabbit JNK and Egr-1 monoclonal antibodies were purchased from Cell Signaling Technology (United States). Mouse β -actin antibody was purchased from Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China). IRDye TM 800CW goat anti-rabbit IgG and IRDye TM 800CW goat anti-mouse IgG were purchased from United States LI-COR Inc. (United States). Horseradish peroxidase-labeled murine and rabbit secondary antibodies were purchased from Boster Biological Engineering Co., Ltd., (Wuhan, China). Hypoxia solution, which imitates the microenvironment of high-potassium, lactic acid accumulation and glucose depletion after myocardial ischemia in vivo, was prepared as described previously 32 : 137 mM NaCl, 12 mM KCl, 0.49 mM MgCl 2 6H 2 O, 0.9 mM of CaCl 2 , 4 mM HEPES, and 20 mM sodium lactate. Cell culture and establishment of H/R model. The H9c2 cells line was cultured in DMEM medium with 10% fetal bovine serum (FBS) at 37 °C with 5% CO 2 , and was synchronized treatment with medium containing 0.5% FBS for 12-24 h before every experiment. To induce hypoxia, which should be oxygen-free and nutrition-free for the sake of mimicking ischemia, H9c2 cells were cultured in hypoxic solution by saturation in advance with pure nitrogen for 30 min in order to expel the air, and then pure nitrogen gas was used to fill the culture vessels and hypoxia chamber. The cells placed in hypoxia chamber were cultured at 37 °C for 1, 2, or 3 h; After that, the hypoxia solution was then replaced with fresh oxygenated culture medium and the culture vessels were transferred into normoxic incubator (5% CO 2 ) at 37 °C for 1 h of reoxygenation.
Experimental Grouping. H9c2 cells cultured for 2-3 days were grouped randomly as follows ( Fig. 7) : control, H/R, control + the ROS donor XO/HX (con + XO/HX), H/R + the ROS scavenger EDA (H/R + EDA), H/R + the ROS scavenger NAC (H/R + NAC), H/R + JNK inhibitor SP600125 (H/R + SP600125), H/R + different doses of F 2 , H/R + solvent (H/R + DMSO), H/R + F 2 + XO/HX, and H/R + F 2 + JNK activator ANISO (H/R + F 2 + ANISO). The control group was cultured with fresh medium for 2, 3, or 4 h before the experiments. The H/R group was cultured under nitrogen-saturated hypoxia at 37 °C for 1, 2, or 3 h, and was then cultured in fresh medium under normal conditions for 1 h. XO/HX (1 mU/ml/1.2 × 10 −4 M, 3 mU/ml/3.6 × 10 −4 M, 5 mU/ml /6.0 × 10
, ANISO (10 ng/ml), and F 2 (1 × 10 −7 M, 1 × 10 −6 M, 1 × 10 −5 M) were prepared in normal medium (for preincubation), hypoxia solution, and/or reoxygenation medium.
Western blotting. Western blotting was performed as described previously 10 . Briefly, total proteins were extracted and quantified. Next, 30-50 μ g of each sample was separated using 10% SDS-PAGE gel electrophoresis (stacking gel 50 V, separating gel 100 V), and transferred to nitrocellulose membrane (100 V, 75 min). Membranes were then blocked and incubated with primary antibodies (Egr-1, p-JNK, JNK, and β -actin at 1:1,000, 1:200, 1:2,000, and 1:3,000 dilutions, respectively) followed by secondary antibodies (HRP-labeled rabbit anti-goat IgG, HRP-labeled goat anti-rabbit IgG, IRDye TM 800CW goat anti-rabbit IgG, or IRDye TM 800CW goat anti-mouse IgG at dilutions of 1:20,000, 1:30,000, 1:10,000, or 1:10,000, respectively); IRDye incubations were performed in the dark. HRP-labeled secondary antibodies were detected using chemiluminescence, and the grayscale of the protein bands was analyzed using Gel-pro Image Analysis Software (Media cybernetics, USA). IRDye-labeled secondary antibodies were analyzed using an Odyssey infrared imaging system (Odyssey LI-COR, USA). The ratio of p-JNK/JNK represented the activation of JNK, JNK/β -actin indicated the overall expression of JNK, and the ratio of Egr-1/β -actin reflected the expression of Egr-1.
Detecting ROS levels in H9c2 cells using flow cytometry. Culture medium containing 0.5% FBS was used to treat cells for 12-24 h. Cells were trypsinized with 0.125% trypsin at room temperature, and collected in a 2 ml Eppendorf tube after the indicated treatments. The cells were then centrifuged for 5 min at 5 °C and 1000 rpm, and the supernatants were discarded. The pellets were washed with serum-free medium, centrifuged again, and the supernatants were discarded. The cell pellets were mixed with 1 ml serum-free medium containing a final concentration of 10 μ M DCFH-DA probe, dispersed uniformly, and then incubated in the dark at 37 °C for 30 min with gentle shaking every 5 min to fully expose the cells to the probe. The mixtures were then centrifuged for 5 min at 25 °C and 1000 rpm, the supernatants were discarded, and the pellets were washed three times with PBS. Subsequently, the cell pellets were resuspended in 500 μ l PBS, mixed well, and analyzed using a FACSCalibur flow cytometer (Becton Dickinson, USA). The green fluorescence emitted by ~10,000 cells was recorded at an excitation wavelength of 488 nm. Software WinMDI2.9 was used to analyze the mean fluorescence intensity (MFI).
Statistical analysis. Data are presented as mean ± SEM. The significance of differences was determined using one-way ANOVA followed by Student-Newman-Keuls test. P < 0.05 was considered statistically significant.
